The putative methyltransferase LaeA is a global regulator of metabolic and development 22 processes in filamentous fungi. We characterized the homologous laeA genes of the 23 white koji fungus Aspergillus luchuensis mut. kawachii (A. kawachii) to determine their 24 role in the hyperproduction of citric acid. The ΔlaeA strain exhibited a significant 25 reduction in citric acid productivity. Cap-analysis gene expression (CAGE) revealed 26 that laeA is required for the gene expression of a putative citrate exporter encoding cexA, 27 which is critical for citric acid production. The deficit in the productivity of citric acid 28 by the ΔlaeA strain was rescued by the overexpression of cexA to a level comparable 29 with that of the cexA-overexpressing ΔcexA strain. In addition, chromatin 30 immunoprecipitation coupled with quantitative PCR (ChIP-qPCR) analysis indicated 31 that LaeA regulates the expression of cexA via methylation levels of the histones H3K4 32 and H3K9. These results indicate that LaeA is involved in citric acid production through 33 epigenetic regulation of cexA in A. kawachii. 34 35 IMPORTANCE 36 A. kawachii has been traditionally used for production of the distilled spirit shochu in 37 Japan. Citric acid produced by A. kawachii plays an important role in preventing 38 microbial contamination during the shochu fermentation process. This study 39 characterized homologous laeA genes; using CAGE, complementation test, and 40 ChIP-qPCR, it was found that laeA is required for citric acid production though 41 regulation of cexA in A. kawachii. The epigenetic regulation of citrate production 42 elucidated in this study will be useful for controlling the fermentation processes of 43 shochu. 44 45 KEYWORDS: Aspergillus luchuensis mut. kawachii; citric acid; putative 46 methyltransferase; laeA; citrate exporter; cexA 47 48 3
disruption caused a significant decline in citric acid production by A. kawachii, we 140 examined the complementation of the wild type laeA gene in the ΔsCΔlaeA strain using 141 a sC marker. Control, ΔlaeA, and ΔlaeA+laeA strains were cultured as described above 142 and culture supernatant and mycelia were separated as the extracellular and intracellular 143 fractions, respectively. In the extracellular fraction, the ΔlaeA strain exhibited 0.08-fold 144 lower citric acid levels than the control strain (Fig. 3A) . Conversely, decreases in the 145 production of malic acid and oxoglutaric acid (0.64-fold and 0.70-fold, respectively) 146 were not statistically significant. Decreases in the production of citric acid, malic acid, 147 and oxoglutaric acid were rescued by the complementation of the wild type laeA gene. 148 Additionally, in the intracellular fraction, the ΔlaeA strain exhibited productivities of 149 0.46-fold lower citric acid, 0.55-fold lower malic acid, and 0.46-fold lower oxoglutaric 150 acid (Fig. 3B ). These decreases in organic acid production were rescued by the 151 complementation of the wild type laeA gene, although the ΔlaeA+laeA strain still 152 exhibited 0.71-fold lower oxoglutaric acid production than that of the control strain. 153 These results indicate that LaeA plays a significant role both in extracellular and 154 intracellular organic acid production in A. kawachii. In addition, extracellular citric acid 155 accumulation was most significantly affected by laeA disruption.
156
Colony formation of control, ΔlaeA, and ΔlaeA+laeA strains. To explore the 157 physiologic roles of LaeA, we characterized the colony morphology of A. kawachii 158 control, ΔlaeA, and ΔlaeA+laeA strains (Fig. 4A ). The ΔlaeA strain exhibited slightly 159 smaller average colony diameter than those of the control and ΔlaeA+laeA strains on M 160 medium at all tested temperatures at pH 6.5. This growth deficiency was restored at pH 161 3, whereas it worsened at pH 10. 162 In addition, colonies of the ΔlaeA strain were paler than those of the control and 163 ΔlaeA+laeA strains in the M medium with 0.8 M sodium chloride but not in that with 164 0.6 M potassium chloride (Fig. 4A ). Thus, we next assessed conidia formation (Fig. 4B) . higher conidia formation in the M medium containing 0.6 M potassium chloride. 175 These results indicate that LaeA is required for asexual development, particularly in 176 the presence of sodium chloride-specific stress versus high osmotic stress. The 177 deficiency in conidia formation was consistent with previous reports that the laeA 178 disruption caused a significant defect in conidia formation in A. oryzae (18) and 179 Penicillium chrysogenum (19) . Although LaeA plays a significant role in the sexual 180 development of A. nidulans (20) , sexual development has not been observed in A. 181 kawachii.
182
Gene expression related to citric acid production. To identify LaeA-regulated 183 genes related to citric acid production, the expression profiles of A. kawachii control 184 and ΔlaeA strains during citric acid production were compared. These strains were 185 precultured in M medium at 30°C for 36 h and then transferred to CAP medium and 186 further cultured at 30°C for 12 h, at which time the A. kawachii control strain vigorously 187 produced citric acid. Next, gene expression profiles were compared using CAGE.
188
Gene expression change of a total of 9,647 genes was evaluated by CAGE (Data Set 189 S1). The change in gene expression was considered to be statistically significant if the 190 false discovery rate was <0.05 and the log2-fold change was <−0.5 or > 0.5. Using these 191 criteria, a total of 1,248 differentially expressed genes were identified, including 590 192 upregulated and 658 downregulated genes. Gene ontology (GO) term enrichment 193 analysis of these gene data sets revealed the enrichment of GO terms related to transport 194 and metabolic processes (data not shown); however, it was difficult to interpret the 195 results to explain the reduced citric acid productivity of ΔlaeA strain.
196
Next, we mapped the differentially expressed genes, 15 of which were mapped to 197 metabolic pathways related to citric acid production ( Fig. 5 ; Table 1 Next, we focused on the citric acid export process as it is considered to play a 208 significant role in the high citric acid production of A. niger (21-23) ( Table 2) . Our 209 group previously reported that the two mitochondrial citrate transporters ctpA 210 (AKAW_03754) and yhmA (AKAW_06280) (24) are involved in the transport of citric 211 acid from mitochondria to cytosol: however, their gene expression levels did not 212 significantly change. Conversely, a significant change in gene expression (0.01-fold 213 reduction) of the putative citrate exporter encoding cexA (AKAW_07989) was identified 214 as a citrate exporter from cytosol to extracellular in A. niger (15, 16) . AKAW_07989 215 showed the best reciprocal BLAST hit to A. niger CexA with 96% identity over 502 216 amino acid residues, indicating that AKAW_07989 represents CexA in A. kawachii.
217
Citric acid was the most significantly decreased organic acid in the extracellular 218 fraction resulting from the disruption of laeA (Fig. 3A) ; however, citric acid, malic acid, 219 and oxoglutaric acid productions were reduced at similar levels within the intracellular 220 fraction of the ΔlaeA strain ( Fig. 3B ). Thus, we focused on the significantly reduced 221 expression level of cexA, which could explain the reduced citric acid accumulation in 222 the extracellular fraction (Table 2) . and was used for overexpression of cexA because there was no significant change in 230 gpdA gene expression between control and ΔlaeA strains in CAGE data set (Data Set 231 S1), indicating that the gpdA promoter is not controlled by LaeA.
232
A. kawachii strains were precultured with M medium at 30°C for 36 h, and were 233 then transferred to CAP medium and further cultured at 30°C for 48 h. The culture 234 supernatant was collected as the extracellular fraction. The ΔcexA strain exhibited 235 0.019-fold lower production of extracellular citric acid than the control strain, similar to 236 that observed in the ΔlaeA strain, whereas the ΔcexAOEcexA and ΔlaeAOEcexA strains 237 exhibited 3.6-fold and 2.7-fold higher extracellular citric acid production, respectively, 238 than the control strain. There is no statistical difference in citric acid productivity 239 between strains ΔcexAOEcexA and ΔlaeAOEcexA, indicating that the overexpression of ΔlaeAOEcexA exhibited 2.7-fold higher citric acid productivity than the control strain 244 ( Fig. 6A ), we determined gene expression levels of cexA in control, ΔlaeA, and 245 ΔlaeAOEcexA. Strains were precultured in M medium at 30°C for 36 h, and then 246 transferred to CAP medium. The time point at 36 h of precultivation just before transfer 247 was defined as 0 h (i.e., starting time). We compared the gene expression level of cexA 248 at 0 and 12 h of cultivation in CAP medium via quantitative RT-PCR analysis (Fig. 6B ).
249
The control strain showed a 24-fold greater expression level of cexA at 12 h than that at 250 0 h, whereas the ΔlaeA strain showed similar expression levels of cexA at 0 and 12 h.
251
These results indicate that cexA expression is induced under condition of citric acid 252 production via LaeA.
253
Control and ΔlaeAOEcexA strains showed similar expression levels of cexA at 12 h; 254 however, ΔlaeAOEcexA exhibited a 66-fold higher expression level of cexA than the 255 control strain at 0 h, likely because the gpdA promoter is active in M as well as CAP 256 media. Thus, the higher citric acid productivity of ΔlaeAOEcexA ( Fig. 6A ) could be 257 owing to a higher gene expression level of cexA when beginning culture in CAP 258 medium.
259
Histone trimethylation level in the cexA promoter region. LaeA is believed to 260 widely regulate gene expression via controlling methylation level of histones (11) (12) (13) .
261
To determine the mechanism underlying LaeA-dependent cexA expression through 262 histone methylation, we performed ChIP-qPCR analysis of histone H3, histone histone 263 H3 trimethyl K4 (H3K4 me3), and histone H3 trimethyl K9 (H3K9 me3) in control and 264 ΔlaeA strains. H3K4 me3 and H3K9 me3 are known to be euchromatin and 265 heterochromatin markers, respectively.
266
The histone H3 occupancy at the cexA promoter did not change between control and 267 ΔlaeA strains ( Fig. 7A ). Alternatively, the euchromatin marker H3K4 me3 at the cexA 268 promoter was decreased to a level similar to that of the negative control (i.e., normal 269 anti-mouse IgG) in ΔlaeA (Fig. 7B ). In addition, the heterochromatin marker H3K9 me3 270 was greatly enriched in ΔlaeA compared with that in the control strain ( Fig. 7C ). These Gene expression levels of AKAW_02119 and AKAW_07568 were not significantly 281 altered in ΔlaeA (Data Set S1), but loss of LaeA might affect histone modification 282 balance and euchromatin/heterochromatin ratios. The molecular mechanism of 283 LaeA-dependent histone modification should be confirmed through additional 284 experiments. In addition, whether gene expression of cexA requires a specific 285 DNA-binding transcriptional factor remains unclear and should be further studied.
286
In conclusion, LaeA plays a significant role in citric acid production in A. kawachii 287 by controlling cexA expression via histone modification at the cexA promoter region.
288
Because A. kawachii is widely used in the production of shochu and elsewhere in the 289 fermentation industry, our findings are expected to enhance the understanding of citric 290 acid production mechanism(s) and facilitate optimization of strategies for controlling A. 
MATERIALS AND METHODS

294
Strains and growth conditions. The Aspergillus kawachii strains used in this study 295 are listed in Table S1 , and strain SO2 (28) was used as the parental strain.
296
For construction and characterization, the strains were grown in minimal medium
MgSO 4 ·7H 2 O, 0.152% [w/v] KH 2 PO 4 , plus Hutner's trace elements [pH 6.5]). Medium 299 was adjusted to the required pH using HCl or NaOH. For the cultivation of sCand 300 argBstrains, 0.02% (w/v) methionine and/or 0.211% (w/v) arginine were added to M 301 medium, respectively.
302
To evaluate acidification occurring on agar medium, strains were grown in YPD 
308
To investigate citric acid productivity, A. kawachii strains were also grown in CAP 309 AKlaeX-F3/AKlaeX-RC, respectively (where "X" indicates A, A2 or A3) (Table S2 ).
320
For amplification of the argB gene, the pDC1 plasmid was used as template DNA (29). and AKlaeX-RC ( Fig. S1 ).
328
The SO2 strain was transformed using the argB gene cassette to employ the same 329 auxotrophic genetic background strains for comparative study. This argB gene cassette 330 was generated with PCR using A. kawachii genomic DNA and pDC1 as template DNA 331 and was used to transform the SO2 strain, yielding the ΔsC strain (Table S1 ).
332
Transformants were selected on M agar medium lacking arginine. AKlaeA-FC/AKlaeAcomp-R1 and AKlaeAcomp-F2/argB-R2, respectively (Table S2 ).
338
For amplification of DNA fragments, A. kawachii IFO 4308 wild type genomic DNA 339 and a plasmid carrying tandemly connected sC and argB were used as template DNA.
340
The resultant DNA fragment amplified with primers AKlaeA-F1/argB-R2 was used to 341 transform the laeA disruptant, yielding the ΔlaeA+laeA strain. Transformants were 342 selected on M agar medium lacking methionine. Introduction of the laeA and sC genes 343 into the target locus was confirmed by PCR using primers AKlaeA-FC and argB-R2 344 ( Fig. S2 ).
345
The ΔsCΔlaeA strain was transformed using the sC gene cassette for use of the same 346 auxotrophic genetic background strains for the comparative study. The sC gene cassette 347 was generated by PCR using A. kawachii genomic DNA as the template and primers 348 sC-comp-F and sC-comp-R (Table S2) , and was used to transform the ΔsCΔlaeA strain 349 and yield the ΔlaeA strain (Table S1 ). Transformants were selected on M agar medium 350 lacking methionine. AKcexA-F3/AKcexA-RC, respectively (Table S2 ). For amplification of the argB gene, 357 the plasmid pDC1 was used as the template DNA (29). For amplification of the other 358 DNA fragment, A. kawachii IFO 4308 wild type genomic DNA was used as a template.
359
The resultant DNA fragment was amplified with primers AKcexA-F1 and AKcexA-R3 360 and was used to transform A. kawachii SO2 and yield strain ΔsCΔcexA. M agar plates 361 lacking arginine were used for selection of transformants. Introduction of argB into the 362 cexA locus was confirmed by PCR using the primer pair AKcexA-FC and AKcexA-RC 363 (Fig. S3 ). After confirmation of gene disruption, the ΔsCΔcexA strain was transformed 364 with the sC gene cassette to use the same auxotrophic genetic background strains for 365 comparative study. This cassette was synthesized by PCR using primers sC-comp-F and 366 sC-comp-R and A. kawachii genomic DNA as template (Table S2 ). Transformants were 367 selected on M agar medium lacking methionine. (Table S2 ). The amplicon was inserted into the SalI site of 372 pGS-PgpdA, thereby yielding pGS-PgpdA-cexA, which was used to transform strains 373 ΔsCΔcexA and ΔsCΔlaeA, yielding ΔcexAOEcexA and ΔlaeAOEcexA, respectively 374 (Table S1 ).
375
Measurement of extracellular and intracellular organic acids. Levels of 376 extracellular and intracellular organic acids were measured as described previously (24).
377
Briefly, 2 × 10 7 conidia cells of A. kawachii were inoculated into 100 ml M medium, ΔlaeA, ΔcexA, ΔcexAOEcexA, and ΔlaeAOEcexA strains were cultured as described. 
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